Under the dual pressure of environmental pollution and energy crisis, the global energy consumption structure reform deepens unceasingly and the concept of energy internet has developed rapidly. The widespread volatility, randomness, and uncertainty of distributed new energy generation impose new requirements on distribution systems. The zigzag transformer is used as the coupling and isolating device for simultaneous AC-DC transmission. The basic principle and structure of simultaneous AC-DC power distribution network is analyzed. The topology structure of the simultaneous AC-DC hybrid microgrid and basic operating principle of the microgrid under different operating modes are proposed for the distributed power grid technology. Combined with power electronic technology, a modular multi-interface structure of power routers applied to AC-DC hybrid microgrid and its control strategy are proposed to realize the power routing control of microgrid and ensure reliable operation control of the microgrid. By building the model of simultaneous AC-DC hybrid microgrid and its power router, the rationality and effectiveness of the power router for microgrid routing control are verified.
Introduction
With the depletion of fossil fuels and the increasingly prominent changes of climate and environment, countries around the world are striving for a more efficient, environmentally friendly, and sustainable energy utilization model in order to improve the energy consumption structure dominated by fossil energy [1] [2] [3] . The development of information internet and new energy technologies has provided necessary technical support for the development of smart grids under the new situation. A new structure of energy supply and demand with energy internet as the main form is being formed [4] [5] [6] [7] .
The new energy distributed generation has small capacity, strong power fluctuations, and randomness. A large number of power conversion devices are required to be dispersedly connected to the traditional AC distribution network, which reduces the utilization efficiency of the distributed source and affects the stability of the power grid, while increases the complexity of power relay protection configuration [8] [9] [10] . The microgrid is an autonomous system of power generation and distribution that integrates distributed generation, energy storage devices, various power conversion devices, traditional loads, and new types of loads [11] [12] [13] . With the help of power electronics and modern control theory, the microgrid is an efficient and reliable distributed generation scheme. It can realize efficient interconnection with distribution networks [14, 15] .
Since the 1950s, scholars from the former Soviet Union, Japan, and other countries have studied the transmission capacity of simultaneous AC-DC transmission, feasibility of the circuit structure, the system economy, and so on. Simultaneous AC-DC transmission technology superimposes DC power on existing AC power lines to fully tap transmission capacity of the line [16, 17] . Simultaneous AC-DC power transmission has good development prospects in improving the transmission capacity of the line and the transient stability of the transmission system [18, 19] . With the development of power electronics and modern control theory, simultaneous AC-DC transmission technology has received renewed attention as a flexible AC transmission technology (FACTS) [20] .
We combined the small quantity and more facets of distributed generation with a large-scale distribution network, under the background of rapid development of distributed generation [21] . Some scholars put forward the basic conception and principle scheme of distribution network based on simultaneous AC-DC transmission, which can be used for the distributed generation grid connected [22] [23] [24] . The simultaneous transmission of AC power and DC power can be achieved [25, 26] .
In this paper, the transformation and upgrading of a traditional AC distribution network by using Z-transformers achieved simultaneous AC-DC power distribution. And its rationality scheme is analyzed and studied. The concept of micropower network is introduced into a simultaneous AC-DC power distribution scheme. The power router structure and its control strategy are proposed, which are based on power electronics technology. The model of simultaneous AC-DC hybrid microgrid and its power router were built in the MATLAB/Simulink simulation platform. The simulation results under different operating modes of the microgrid verify the rationality of the AC-DC hybrid microgrid and the effectiveness of the power router control.
Simultaneous AC-DC Power Distribution Network
The Principle of Simultaneous AC-DC Power Distribution Network
The single-loop structure of the simultaneous AC-DC distribution network is shown in Figure 1 [22] . DC power and AC power are transmitted through the same three-phase line, and the DC current drawn from the DC current decoupling device forms a DC current loop through grounded or a dedicated ground line. As shown in Figure 2 , replacing the traditional power transformer with zigzag transformer, the DC current is superimposed on a three-phase AC line through the secondary winding neutral of the zigzag transformer. The relationship between the three-phase AC voltage vectors of the secondary side of the zigzag transformer is shown in Figure 3 . By configuring the same number of winding turns of two zigzag connections in each phase, the DC bias phenomenon caused by DC current injection can be minimized. AC and DC need to be coupled and decoupled by zigzag transformer. When the Z-type transformer is injected with DC current, the generated magnetic fluxes cancel each other. The magnetic flux on the three-phase iron core column does not change, and the working point of the iron core on the magnetization curve does not change. Therefore, there is basically no core saturation. The zigzag transformer acts as both a DC injection device and an AC/DC isolation device. AC and DC power are decoupled at the end of the line through a symmetrical structure.
AC-DC superimposed voltage and power configuration need to meet certain constraints according to the operating conditions of the distribution network. DC and AC distribution networks have little difference in the requirements for the design and construction of mechanical structures for overhead lines and cable lines [27] . Therefore, electrical requirements and environmental requirements are mainly considered when formulating DC injection rules.
There is a sinusoidal alternating electric field superimposed on the DC component of the power line after the three-phase line is injected into the DC. The peak voltage of the single-phase line to ground is U m . Since the creepage distance of the DC power line is twice that of AC power line [28] . In order to ensure the insulation level of the original distribution network is unchanged, the original line voltage is U AC . The superposed DC voltage component and AC component should meet the condition of following constraint,
The temperature rise current that the conductor of the power line allows is I tb . The superposition of DC current component and AC current component need to meet the following constraint,
In order to ensure the normal use of AC circuit breakers, the line current has at least one zero-crossing point per period. The valley value of AC-DC superimposed current I n should follow these constraints:
Under this rule, the line voltage meets the principle that without raising the insulation level of the line and satisfies various operating conditions at the same time. Figure 4 shows the single-phase ground voltage waveform of the pure AC distribution network and AC&DC distribution network. In the AC&DC distribution network, the AC voltage waveform is lifted horizontally due to the superposition of the DC voltage so the positive peak of the voltage waveform of the two systems is equal but the voltage waveform isn't coincident. 
Simultaneous AC-DC Hybrid Microgrid

Simultaneous AC-DC Microgrid Structure
As shown in Figure 5 , the zigzag transformer neutral line leads out the DC bus. DC load can be directly connected to DC bus via DC/DC converter. Distributed generation (DG) and energy storage devices both cooperate with DC/DC converters and can be used as DC power, which can achieve distributed generation incorporated into simultaneous AC-DC hybrid microgrids. Compared with the distributed DC/DC and DC/AC two-stage conversion of distributed generation into AC distribution network, the economic efficiency is better, and the control difficulty is lower. There are no constraints such as frequency and phase synchronization required for incorporation into the AC bus. The secondary side of the zigzag transformer at the end of the distribution network leads the AC bus of the microgrid, for the microgrid AC load supply. The AC bus and the DC bus are connected through a bidirectional AC-DC converter to achieve bidirectional transmission of power between the AC and DC buses. The zigzag transformer provides a low-impedance path for the DC current and maintains a high-impedance state for the three-phase AC current. At the same time, the injection of DC current into the three-phase line does not affect the three-phase voltage of the secondary winding, but the insulation of the transformer needs to be improved due to the increase of the winding phase voltage.
In the event of a fault in the distribution line, due to the presence of the DC component, the short-circuit current will increase the DC forced component, and the line current and the amplitude of the voltage change are more obvious than the AC system. Figure 6 shows the simplified structure of the microgrid. It can be divided into DC microgrid and AC microgrid. As a universal access platform for distributed generation and energy storage devices and loads, the DC bus can implement integrated control of DC microgrids easily, while improving system scalability. The AC microgrid is directly connected to the distribution network (main grid). The AC bus is connected to the distribution network through a grid-connected switch. Bidirectional controllable power flow between two microgrids is achieved through bidirectional AC-DC converters so that two systems can support each other.
Microgrid Operating Characteristics
Simultaneous AC-DC microgrids can operate in both grid-connected and islanding modes. As an active load of the distribution network, the microgrid cannot impact stable operation of the distribution network. It is necessary to form coordination among distributed generation within the microgrid to ensure operation stability and certain adjustable margins.
Hybrid Energy Storage System
The Architecture of the Energy Storage System
Energy storage system with fast response is needed in microgrid to stabilize the power fluctuation caused by distributed generation and load switching. At the same time, it can ensure power quality and improve operational reliability. A single energy storage device cannot meet the requirements of large capacity and fast response. Therefore, the Hybrid Energy Storage System (HESS) has attracted a lot of attention when applied to the microgrid. This paper designs a hybrid energy storage system composed of a battery and a supercapacitor connected to the DC bus side of simultaneous AC-DC hybrid microgrid and its corresponding control strategy, which can be used to balance the internal power fluctuation of the microgrid and suppress the fluctuation of the DC bus voltage [28] .
The battery and supercapacitor have a variety of combinations [29] . This paper uses a parallel structure which has good flexibility and reliability, as shown in Figure 7 . The exchange power of hybrid energy storage device and DC bus is P S . The direction of flow to DC bus is positive. The P AC is the exchange power between the AC-DC bus and the DC bus. P d and P L are the distributed generation power and load absorbing power, respectively. DC bus power balance can be expressed as
The distributed generation generally works at the maximum output power point, so the degree of freedom of the P d variation in the expression is low. The power difference caused by the load absorbed power and the transmission power of the AC-DC connecting line can only be balanced by the hybrid energy storage device.
An energy control strategy based on the power fluctuation dynamics can realize independent control of the storage battery and the supercapacitor. The DC bus power fluctuation is effectively suppressed and the DC bus voltage stability is controlled.
Energy Storage System Control
The operation control principle of the hybrid energy storage system is shown in Figure 8 . The current controller collects the discharge voltage U sc and the current value I sc of the supercapacitor. Combining the high-frequency component P Lh of the load changing collected by the power high-frequency monitor, we can calculate the current value and control the supercapacitor discharge power to achieve buffering support of supercapacitors for the high frequency load variation. The charge controller collects the charge-discharge state quantity and the state of charge (SOC) of supercapacitors and storage battery. The storage battery is charged with constant voltage and limited current when the over discharge storage battery cannot achieve the constant voltage support for the DC bus. Since the capacity of the supercapacitor is small, when the high-frequency variation of the load is small, it is necessary to charge the supercapacitor with constant voltage and limited current, so that the supercapacitor can always maintain the ability to suppress high-frequency components of the load change.
The DC bus acts as a power exchange and voltage stabilization node. When the microgrid loses support from the main grid, the power fluctuations caused by distributed generation and load can be suppressed by the hybrid energy storage system.
Hybrid Microgrid Power Router
The simultaneous AC-DC power distribution system provides a grid-connected interface for a large number of distributed generations, making it possible for local consumption of distributed generation. This chapter proposes a modular multi-interface power router to realize the integrated control of the distribution system.
The Structure of Power Router
The simultaneous AC-DC hybrid microgrid is connected to distributed generations, energy storage systems, AC loads, and DC loads. The energy routing and mutual support between the AC microgrid and the DC microgrid must be achieved simultaneously. This paper builds the power router architecture with three-phase H-bridge and dual-active DC-DC converters as the core, as shown in Figure 9 . The power router is composed of a DC bus derived from the neutral point of the zigzag transformer and an AC bus derived from the secondary side. The DC bus and the AC bus are connected through the isolation module and inverter module. The inverter (rectifier) module realizes bidirectional power flow controllable. The isolation module ensures the independence between AC and DC systems.
DAB and its Control
As shown in Figure 10 , the DAB structure is composed of two full-bridge circuits and high-frequency transformers, with high power density, bidirectional power transmission capability, and good isolation. The DAB structure is symmetrical and the control is relatively simple [30] . Since the dual-active conversion circuit can realize power bidirectional transmission, port 1 and port 2 are input ports and output ports for each other.
When the microgrid works in networking mode, the DC voltage of port 1 needs to be stable within a certain range to ensure the power balance and voltage stability of the DC system. When the microgrid is operating in the islanding mode, the DC system is used as the power supply on the AC side, and the active power flow of ports 1 to 2 must be controlled according to the active power of the load on the AC side.
As can be seen from Figure 10 , the dual-active DC-DC converter serves as an intermediate transmission link of the power router and mainly performs the isolation and power transmission tasks; it also supports the stability of the DC bus network in networking mode. In order to reduce the complexity of the power router control, its control objectives can be simplified: In the networking mode, the output voltage of the control port 1 is Up, that is, the voltage of the DC bus is stable and, in the islanding mode, the output voltage Us of the control port 2 meets the requirements of DC side voltage for three-phase H-bridge. The control principle of the dual-active DC-DC converter is shown in Figure 11 . The three-phase H-bridge DC voltage U s of the networked mode is determined, and the stable control of the voltage U P can achieve the control of the transmission power of the conversion circuit. U p is stable in the islanding mode while the control target of U s is given by the three-phase H-bridge. The use of a low-pass filtering device is to reduce the influence of high-frequency fluctuation components of the output voltage on the response characteristics of the control system.
Three-Phase H-bridge AC-DC Converter and Its Control
The main circuit structure of the three-phase H-bridge AC-DC converter is shown in Figure 12 [31] . The three H-bridges are cascaded and the AC side is connected to the LC filter. U dc is the voltage of DC side. It can be seen from the main circuit structure of the power router that the AC output is connected to the AC bus and the DC terminal is connected to the DAB port 2. The DAB's control analysis shows that port 1 of the DAB is directly connected to the DC bus, whereas the DC-link output of the three-phase H-bridge directly determines the voltage level of the DAB port 2. Therefore, maintaining the voltage level of the DAB port 2 at this time is a control objective of the three-phase H-bridge in the networking operation mode of the power router.
According to the control objectives in the networking mode, the PQ control method based on active and reactive power structure control will be improved. The double closed-loop control structure is adopted. The external-loop voltage control provides reference quantity for the inner-loop current control. The inner-loop current control increases the control response speed, and at the same time, the current decoupling is realized by the current feed-forward. The reactive current control component is taken as 0. The reference value of the DC bus voltage is used as the reference value of the active component in the PQ control. The complete improved PQ control method is shown in Figure 13 . Phase-locked loop (PLL) uses the AC bus phase voltage and phase current measured by the system to obtain the phasing information s; the DC bus voltage reference amount is used instead of the active power reference amount, and the reactive current the reference i q_ref is 0. Combining the phase information with the reference of the active and reactive voltage (U d_ref and U q_ref ), we can obtain the reference value of the AC bus voltage (U abc_ref ). The control signal of the inverter by the pulse width modulation (PWM) can also be obtained.
In the microgrid islanding mode, the three-phase H-bridge energy flows from the DC side to the AC bus and supplies power to the AC side load. At this time, the AC bus is equivalent to the load, and the AC bus voltage and frequency need to be kept stable. The three-phase H-bridge inverter adopts V/f control. The basic block H-bridge diagram of V/f control is shown in Figure 14 . The output frequency f of the phase-locked loop is compared with the reference frequency of the system. The active reference amount formed through the PI link is compared with the active power P of the system to obtain the reference value i d_ref of the active current loop. The reference amount of reactive current is 0, and the reference values of the active voltage and reactive voltage are obtained through calculating. PWM control is used to obtain three-phase H-bridge control signals.
Simulation Analysis
In order to verify the rationality of the proposed simultaneous AC-DC hybrid microgrid and its power router, and the effectiveness of the corresponding control strategy. In this paper, the simultaneous AC-DC hybrid microgrid, shown in Figure 5 , and the control model of the power router, shown in Figure 10 , are built on the 2016 version of the MATLAB/Simulink simulation platform. Photovoltaic power generation and its control circuits, and hybrid energy storage devices and its control units are built. The power router adopts the first-level DAB and three-phase H-bridge cascaded main circuit structure. The main simulation parameters of the simultaneous AC-DC hybrid microgrid are shown in Table 1 . In operation of the microgrid, the mixed energy storage capacity and its control parameters should be set according to the grid operation parameters. 
Three-Phase H-bridge AC-DC Converter and Its Control
The microgrid is started in a grid-connected mode when the photovoltaic power generation is at a temperature of 25 • C and an illumination intensity of 1000 kW/m 2 . The DC load is set to 50 kW. As shown in Figure 15 , the photovoltaic power generation is rapidly stable at 100 kW, reflecting that the MPPT controller based on the incremental conductance method has good MPPT performance; at the same time, the distributed generation surplus power is transmitted to the main grid through a bidirectional inverter. The transmission power of the three-phase H-bridge AC-DC converter (bidirectional inverter) from the DC side to AC side is 50 kW, which ensures full use of distributed generation under the premise of stable operation of the system. Between 0.6 s and 1.1 s, the illumination intensity of photovoltaic panels is reduced linearly from 1000 kW/m 2 to 250 kW/m 2 . The illumination intensity recovers to 1000 kW/m 2 between 1.2 and 1.7 s. Between 0.7 s and 2 s, the temperature decreases from 25 • C to 15 • C and then returns to 25 • C. At 1 s, the DC load suddenly increased by 25 kW. At 1.5 s, the DC load recovered to 50 kW.
As shown in Figure 19 , take the bidirectional inverter flow from AC side to DC side as positive energy flow direction. Under the operating conditions of PV power fluctuation and DC load power variation, the main grid can maintain the internal power balance of the microgrid through bidirectional inverters. Figure 20 shows the current waveform on the AC side of the bidirectional inverter. It can be obtained from the graph that the current controller has a good unbalanced current tracking performance which adopts the decoupling principle. 
Microgrid Power Router Islanding and Mode Switching Simulation
The islanding mode lost the main grid support. In order to ensure the power supply of the load and maintain the stability of the AC-DC hybrid microgrid, the energy storage device works in the constant voltage control mode, and forms a combined power source of the hybrid microgrid with distributed power generation.
Simulation Scheme 1: At 2.1 s, the power router is disconnected from the grid-connected switch and the microgrid switch to the islanding mode. At this moment, the DC load was 50 kW and the AC load connected to the AC bus was 75 kW. The photovoltaic power generation has maximum power generation of 100 kW, and the AC load on the AC side suddenly increases by 25 kW at 2.4 s.
As shown in Figure 22 , the hybrid energy storage system in the islanding mode outputs insufficient load power through the bidirectional DC-DC converter and controls the state to a stable DC voltage control. The supercapacitor quickly tracks the change of high frequency power when the load power step change occurs. And the output of the storage battery transits to the steady state operation smoothly. Simulation Scheme 2: The microgrid is started in islanding mode. At this time, the power router controls the storage battery in a state of stable voltage control to stabilize the DC bus voltage; the bidirectional inverter is in the V/f control state to stabilize the AC bus voltage, so that it can ensure the supply of AC and DC loads. At 0.2 s, the grid-connected switch of the microgrid is closed and the microgrid is switched from islanding mode to grid-connected mode. Meanwhile, the bidirectional inverter is switched to the improved PQ control mode to stabilize DC bus voltage.
As shown in Figure 24 , the AC bus line voltage is stable at 380 V, and the frequency is within the allowable range. After the islanding mode is switched to the networked operation, the phase of the AC bus voltage is quickly clamped to the main grid phase. The DC bus voltage fluctuates less than 40 V and then quickly transits to steady operation state as shown in the Figure 25 . 
Conclusions
Based on the change of energy utilization mode and the development trend of distribution network in the future, the concept and schemes of the simultaneous AC-DC hybrid microgrid and its power router are put forward. Some problems of the microgrid structure are studied. The conclusions are as follows.
1.
The concept of microgrid is introduced into the simultaneous AC-DC power distribution scheme. For the structural characteristics of AC-DC hybrid microgrid, the structure and control strategy of the power router for hybrid microgrid are proposed. DC power injection with a Z-type transformer avoids saturation of transformer cores caused by DC current. The independence between the AC and DC systems is ensured while ensuring AC and DC power are transmitted simultaneously.
2.
The simultaneous AC-DC power distribution system can set up an independent DC bus through DC injection and decoupling devices. Using this structure, a hybrid microgrid structure based on simultaneous AC-DC transmission is built. Distributed generation can achieve grid-connected operation through single-stage power conversion, simplifying the grid-connected structure and control methods. A hybrid energy storage system combining supercapacitor and storage battery is designed for the grid connection characteristics of new energy generation. The supercapacitor in the hybrid energy storage system can suppress the high-frequency components of the power fluctuation, and the storage battery realizes the balance of the internal energy of the microgrid.
3.
The modular multi-interface power router topology, an improved PQ control principle and a specific control strategy of the energy router based on the distributed autonomous principle are proposed. The simulation results show that the power router can realize energy routing function in various operating modes of the microgrid; it also can realize the internal power balance of the microgrid and ensure the stability of the microgrid bus voltage level.
